Excessive alcohol consumption increases the risk of developing liver cancer, but the 28 mechanism through which alcohol drives carcinogenesis is as yet unknown. Here, we 29 determined the mutational consequences of chronic alcohol use on the genome of human liver 30 stem cells prior to cancer development. No change in base substitution rate or spectrum could 31 be detected. Analysis of the trunk mutations in an alcohol-related liver tumor by multi-site 32 whole-genome sequencing confirms the absence of specific alcohol-induced mutational 33 signatures driving the development of liver cancer. However, we did identify an enrichment of 34 nonsynonymous base substitutions in cancer genes in stem cells of the cirrhotic livers, such as 35 recurrent nonsense mutations in PTPRK that disturb Epidermal Growth Factor (EGF)-36 signaling. Our results thus suggest that chronic alcohol use does not contribute to 37 carcinogenesis through altered mutagenicity, but instead induces microenvironment changes 38 which provide a 'fertile ground' for selection of cells with oncogenic mutations. 39 40 45
INTRODUCTION 41
Alcohol consumption is an important risk factor for the development of various cancer types, 42 including hepatocellular carcinoma (HCC), and causes an estimated 400,000 cancer-related 43 deaths worldwide each year 1-3 . In spite of the clear link between alcohol intake and 44 tumorigenesis, the underlying mechanism remains debated and mainly revolves around two Previously, alcohol intake has been shown to accelerate the expansion of clones with cancer 149 driver mutations in the esophagus 36 . To identify whether chronic alcohol consumption induces 150 similar changes in the selection of liver cells, we analyzed the genomic distribution of the 151 acquired base substitutions. If chronic alcohol use would affect cellular selection, the frequency 152 of somatic mutations in active functional genomic elements would differ between alcoholic 153 and healthy liver. Base substitutions were, however, depleted to a similar extend in regions 154 such as genes and enhancers in healthy liver ASCs and alcoholic liver ASCs (Fig. 3a) . 155 Furthermore, unlike previous observations 37 , we did not observe an enrichment of base 156 substitutions in H3K36me3 regions, associated with active transcription 38, 39 , in alcoholic liver 157 ASCs in comparison to healthy liver ASCs ( Supplementary Fig. 5 ). The normalized ratio of 158 nonsynonymous to synonymous base substitutions (dN/dS) was also ~1 in all assessed cell 159 types (Fig. 3b ). Taken together, these results suggest that there is no general change in selection 160 against more deleterious base substitutions. 161 However, we observed a small enrichment of potential driver mutations in alcoholic 162 liver ASCs ( Fig. 3c; Table 1 ), although the number of mutations was low. Only one in three 163 healthy liver ASCs acquired a nonsynonymous base substitution in a COSMIC cancer census 164 gene. In alcoholic liver ASCs, on the other hand, we observed a total of seven nonsynonymous 165 base substitutions in these cancer genes across eight ASCs. Two alcoholic liver ASCs even 166 acquired multiple nonsynonymous hits in cancer genes ( Fig. 3c suggests that alcohol may cause clonal outgrowth of cells with putative oncogenic mutations, 172 similar to alcohol-exposed esophagus 36 and HCV-induced liver cirrhosis 21 .
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Notably, we found that the cancer gene PTPRK was hit by a heterozygous nonsense 174 base substitution in two alcoholic liver ASCs of independent patients, which is significantly 175 more than expected based on the background mutation rate adjusted for the mutational profile 176 (Table 1 ; likelihood ratio test, FDR correction; q = 0.02) 16 . None of the healthy liver ASCs 177 acquired a nonsynonymous base substitution in PTPRK, nor did we identify nonsynonymous 178 base substitutions in this gene in healthy ASCs from small intestine or colon 24 . RNA-179 sequencing of the organoids revealed that the heterozygous nonsense base substitutions in 180 PTPRK resulted in a significantly reduced expression ( Fig. 4 ; P < 0.05, negative binomial test), 181 indicating a gene dosage effect due to nonsense-mediated decay of the mutated allele. PTPRK 182 can modulate EGF-signaling through dephosphorylation of tyrosine residues of the EGFR 40 .
183
Western blot analysis showed that alcoholic PTPRK WT/* cells had increased pERK levels in the 184 absence of EGF, indicating that the PTPRK mutations indeed disturb EGF-signaling ( Fig. 4) . In this study, we aimed to identify the mutational consequences of chronic alcohol intake in 188 cirrhotic livers, prior to the development of liver cancer. In contrast to previous studies 12-15,37 , 189 we did not observe specific mutational signatures associated with alcohol consumption in stem The liver is not the only organ in which inflammation is suggested to contribute to 222 carcinogenesis. Inflammatory diseases, such as inflammatory bowel disease and pancreatitis, 223 increase the risk of developing cancer in various tissues 49 . However, it was believed that this 224 increased risk was at least partially due to a direct induction of mutations in the genome 50 . The 248 Organoid cultures from healthy and alcoholic liver tissue material were derived as previously 249 described 51,52 . After 2 -3 days, organoids started to appear in the BME. The cultures were 250 maintained for approximately 2 weeks after isolation, to enrich for ASCs. Subsequently, clonal 251 organoid cultures were generated from these organoid cultures as described previously 25 . The 252 organoid cultures were expanded until there was material for WGS. All organoids showed a peak at a base substitution VAF of 0.5, confirming that the organoid 295 samples are clonal ( Supplementary Fig. 7) . Publicly available variant call format (VCF) files 296 and surveyed bed files of healthy liver ASCs were downloaded from donors 14 -18 from biopsies, whereas we detect 7,203 base substitutions in all five biopsies ( Supplementary Fig.   314 4), indicating that the majority of the trunk mutations were identified successfully.
Generation of clonal liver organoid cultures from human liver biopsies

315
To exclude that the observed similarities/differences in base substitution load and type 316 are a consequence of the differences between the filtering pipelines, we also applied the 317 filtering steps of the HCC samples to the base substitutions in the alcohol liver ASCs. We 318 observe no obvious differences in base substitution load or type between the alcoholic liver 319 samples using both filtering pipelines ( Supplementary Fig. 8 ). Tumor adjusted allele frequencies 322 The VAFs of the shared base substitutions (the trunk mutations) were calculated for each 323 biopsy. Subsequently, we calculated the tumor-adjusted variant allele frequency (TAF) per 324 biopsy, in which the VAF is divided by the tumor-fraction. Chromosome 1 and chromosome 8 325 were excluded from these analyses, as these chromosomes deviate from a copy number of two 326 in the majority of the biopsies ( Supplementary Fig. 4 ). Most biopsies showed a peak around a 327 TAF of 0.5 ( Supplementary Fig. 9 ), confirming that these base substitutions are clonal in each 328 sample and that the biopsies share a recent common ancestor. mutations of the HCC were calculated, to identify the similarity between these profiles. 381 We reconstructed the mutational profiles of the average mutational profiles and the 382 trunk mutations using the 60 known SBS signatures ( Supplementary Fig. 3 and 'minDepth 15'). Subsequently, these files were intersected to obtain the regions that are 407 callable in all biopsies. 96.79% of the non-N autosomal genome was callable in all six biopsies.
408
Two-sided poisson tests were done to estimate significant differences in depletion/enrichment 409 in all genomic regions between the healthy liver ASCs, the alcoholic liver ASCs, and the trunk 410 mutations of the HCC. Differences were considered significant when q < 0.05 (Benjamini-
411
Hochberg FDR multiple-testing correction). All mutational pattern analyses were performed 412 using the MutationalPatterns R package 62 .
413
To obtain a generic genome-wide profile of H3K36me3, we downloaded and merged 414 40 available H3K36me3 ChIP-Seq datasets from UCSC, and determined the median 415 H3K36me3 values in regions that show H3K36me3 enrichment in at least 2 of the datasets.
416
H3K36me3 peaks were subsequently called using bdgpeakcall function of MACS2 (broad 417 peaks) 63 . The amount of base substitutions that overlap with these peaks was calculated for all 418 base substitutions acquired in liver ASCs. These analyses were repeated for T:A > C:G 419 mutations specifically. Wilcoxon-rank tests were performed to estimate significant differences 420 in the relative amount of base pair substitutions in H3K36me3 regions between alcoholic and 421 healthy liver ASCs. Differences with P < 0.05 were considered significant. 
